Abstract: Motivated by the experimental data, we study charmless B u,d,s → V T (V and T denote light vector and tensor mesons respectively) decays in the perturbative QCD approach. The predictions of branching ratios, polarization fractions and direct CP violations are given in detail. Specifically, within this approach we have calculated the polarization fractions and the branching ratios of B → φ(K * − 2 ,K * 0 2 ) which agree well with the observed experimental data, however the branching ratios of B → ω(K * − 2 ,K * 0 2 ) are hard to be explained, where the polarization fractions are well accommodated. The tree dominated channels with a vector meson emitted have longitudinal polarization fraction of 90%, while the penguin dominating ones have subtle polarization fractions. Fortunately, most branching ratios of B u,d decays are of the order 10 −6 , which would be straight forward for experimental observations. For the B s decays the branching ratios can reach the order of 10 −6 in tree dominated decays, while in penguin dominated decays those are of order of 10 −7 which require more experimental data to be observed. 
Introduction
Flavor physics has been being thoroughly investigated for many years with the advent of B-factories. As more and more experimental data is accumulated, flavor physics plays an important role in the precision test of the standard model (SM) and beyond the SM as well as studying the properties of many light hadrons. A few B → V T decay channels have been already reported by the BaBar collaboration [1] [2] [3] , which makes the B to tensor meson 1 decays gain more and more attention. Even before the experimental reports there had been already a couple of works [4, 5] , which studied the B → V T decays involving a charmed tensor meson under the quark model. Here we would like to consider the charmless B → V T decays instead. As early works, these charmless decays had been also studied in the framework of generalized factorization [6] and in Isgur-Scora-Grinstein-Wise updated model [7] . Later these decays were again studied in the covariant light-front approach in Ref. [8] . Polarizations of B → V T decays as well are studied in Ref. [9] . However, most of the branching ratios in the early works are not predicted precisely, which are usually one or two order smaller than the experimental data. This may indicate that some contributions, such as the nonfactorizable and annihilation contributions, are very important in these decays, which are not included in those early works. It has become very urgent to investigate these contributions by employing proper theoretical models. In Ref. [10] the authors accommodated the experimental data with the QCD factorization (QCDF) approach [11] , which deals with these additional contributions in a very subtle and technical way. Here we want to adopt yet another theoretical approach, the perturbative QCD (pQCD) approach [12] , which calculate the nonfactorizable and annihilation contributions in a theoretically systematical way. These investigations will offer us more detailed knowledge about the dynamics of B → V T decays, which is one reason why those decays are worthy to be studied again.
Another reason why B → V T decays are meaningful is the interesting polarization phenomena. In B → V V decays, the transversely polarized contributions of some penguin dominating channels, such as B → (φ, ρ)K * , are nearly the same as the longitudinal ones [13] . This is quite different from the prediction of the naive factorization, in which the longitudinal polarization always dominates. However, in B → V T decays, such as B → φK 2 Theoretical details
Hamiltonian and kinematics
We start from the common low energy effective hamiltonian used in B physics calculations, which are given [24] as • current-current (tree) operators
2)
• QCD penguin operators
3)
4)
• electro-weak penguin operators
5) The projection operators are defined as P L = (1 − γ 5 )/2 and P R = (1 + γ 5 )/2. The combinations a i of Wilson coefficients are defined as usual [25] :
The calculation is carried out in the rest frame of B meson, the momenta of B meson (p B ), tensor meson (p 2 ) and vector meson (p 3 ) are defined in the light cone coordinates as
with r 2 = m T /m B and r 3 = m V /m B . In the calculation of the pQCD, the momenta of the quarks are also related, and they are defined as follows:
where k 1,2,3 are the momenta of the light anti-quark in B meson, quarks in tensor and vector mesons, respectively.
Wave functions

B meson
The B (s) meson wave functions are decomposed into the following Lorentz structures: 10) where φ B (s) (k 1 ) andφ B (s) (k 1 ) are the leading twist distribution amplitudes. After neglecting the numerically small contribution termφ B (s) (k 1 ) [26] , the expression for Φ B (s) in the momentum space becomes
The calculation of the pQCD is always carried out in the b-space, in which we adopt the following model function
12) 
209 ± 2 217 ± 5 195 ± 3 231 ± 4 165 ± 9 185 ± 10 151 ± 9 186 ± 9 where b is the conjugate space coordinate of k 1T . N B (s) is the normalization constant, which is determined by the normalization condition
For B ± and B 0 d decays, we adopt the value ω b = 0.40 GeV [27] , which is supported by intensive pQCD studies [28] . For B s meson, we will follow the authors in Ref. [29] and adopt the value ω bs = (0.50 ± 0.05) GeV.
Vector meson
The decay constants of the vector mesons are defined by
(2.14)
The longitudinal decay constants of the charged mesons can be extracted experimentally from τ − decays and those of the neutral ones can be extracted from their e + e − decays [30] , whereas, the transverse decay constants can be calculated by the QCD sum rules [31] . All the constants for the vector mesons in this paper are collected in Table 1 .
Up to twist-3 the distribution amplitudes of the light vector mesons are summarized as 15) where x is the momentum fraction of the q 2 quark. Here n is the light cone direction along which the meson moves and v is the opposite direction. With t = 2x − 1 the expression for the twist-2 distribution amplitudes are given by 16) and the corresponding values of the Gegenbauer moments are [32] :
We adopt the asymptotic form for the twist-3 distribution amplitudes:
Tensor meson
In the quark model, the tensor meson with J P C = 2 ++ has the angular momentum L = 1 and spin S = 
where
(uū + dd) and f s = ss. The mixing angle θ f2 is found to be very small, θ f2 = 7.8
• [13] and θ f2 = (9 ± 1)
• [14] . Therefore, f 2 is nearly an f q state and f ′ 2 is mainly f s . The spin-2 polarization tensor, which is symmetric and traceless, satisfies ǫ µν p 2ν = 0 and can be constructed by spin-1 polarization vectors ǫ by
In the case that the tensor meson is moving along the z-axis, the polarizations ǫ can be defined as
with E 2 as the energy of the tensor meson. Associating with the tensor momentum defined in Eq. (2.8), the polarization vectors are given in the light cone coordinates by
The decay constants of the tensor mesons are defined as 23) where the currents are defined as
, respectively. These decay constants have already been studied [33] [34] [35] and we use the recently updated ones with the QCD sum rules [15] , which are summarized in Table 2 . Table 2 . Decay constants (in unit of MeV) of tensor mesons from Ref. [15] .
107 ± 6 105 ± 21 118 ± 5 77 ± 14 102 ± 6 117 ± 25 126 ± 4 65 ± 12
The light cone distribution amplitudes (LCDAs) of the tensor mesons are also recently studied by Ref. [15] and we follow the notations in Ref. [16] to summarize them up to twist-3 as
with ǫ 0123 = 1 adopted. Eq. (2.25) is for the longitudinal polarized mesons (h = 0) and Eq. (2.26) for the transverse polarized ones (h = ±1). x is the momentum fraction associated with the q 2 quark. n is the light cone direction along with tensor meson moves and v is the opposite direction. ǫ • is defined by
With the momenta and polarizations defined in the above paragraphs, Eq. (2.27) can be reexpressed by 2.28) up to the leading power of r 2 . We follow the symbols in Ref. [16] , and list the expressions of LCDAs as
The twist-2 LCDAs can be expanded in terms of the Gegenbauer polynomials, and their asymptotic form are given by
with the normalization conditions
By using the QCD equations of motion, the twist-3 two partons distribution amplitudes (DAs) can be related to the twist-2 ones and the tree partons DAs [36, 37] . Their expressions for the asymptotic forms are given by [15] Figure 1 . The emission diagrams with a vector meson emitted.
• (V-A)(V-A) factorizable emission diagrams:
where the explicit expressions of scales t
1,2
vef , the production of coupling αs and Sudakov factor Ee(t
vef ), the function of hard kernel he, the parameters α 2 (ef 1,ef 2) and β 2 (ef 1,ef 2) , and the jet function St(x) are all collected in Appendix A. In the following analytic formulas, the expressions of all the additional functions can also be found in the same appendix.
• (V-A)(V+A) factorizable emission diagrams:
• (S-P)(S+P) factorizable emission diagrams:
The nonfactorizable emission diagrams with a tensor meson emitted.
There are two possible types of nonfactorizable emission diagrams, one has the vector meson emitted and the other has the tensor meson emitted. They are depicted by the last two diagrams of Fig. 1 and Fig. 2 respectively. We use the index ten to represent the tensor meson emission and ven for vector meson emission. The expressions are given by:
• (V-A)(V-A) nonfactorizable emission diagrams with vector meson emission:
37)
• (V-A)(V+A) nonfactorizable emission diagrams with vector meson emission:
• (S-P)(S+P) nonfactorizable emission diagrams with vector meson emission:
• (V-A)(V-A) nonfactorizable emission diagrams with tensor meson emission:
• (V-A)(V+A) nonfactorizable emission diagrams with tensor meson emission:
41)
• (S-P)(S+P) nonfactorizable emission diagrams with tensor meson emission: Figure 3 . The annihilation diagrams with the electro-weak generated anti-quark entering the tensor meson. Figure 4 . The annihilation diagrams with the electro-weak generated anti-quark entering the vector meson.
According to which meson has the anti-quark generated from the weak vertex, the annihilation diagrams are also divided into two types, as depicted in Figs. 3 and 4 . We use the first letter of the index "v" to denote the case that the quark enters the vector meson and "t" to denote that the quark enters the tensor meson. For the factorizable annihilation diagrams, which are the first two diagrams in Figs. 3 and 4, the corresponding functions are given as follows.
• (V-A)(V-A) factorizable annihilation diagrams with the quark entering the vector meson:
43)
• (V-A)(V+A) factorizable annihilation diagrams with the quark entering the vector meson:
44)
• (S-P)(S+P) factorizable annihilation diagrams with the quark entering the vector meson:
• (V-A)(V-A) factorizable annihilation diagrams with the quark entering the tensor meson:
46)
• (V-A)(V+A) factorizable annihilation diagrams with the quark entering the tensor meson:
47)
• (S-P)(S+P) factorizable annihilation diagrams with the quark entering the tensor meson:
The nonfactorizable annihilation diagrams are depicted by the last two diagrams in Figs. 3 and 4, and their corresponding functions are given in the following.
• (V-A)(V-A) nonfactorizable annihilation diagrams with the quark entering the vector meson:
49)
• (V-A)(V+A) nonfactorizable annihilation diagrams with the quark entering the vector meson:
50)
• (S-P)(S+P) nonfactorizable annihilation diagrams with the quark entering the vector meson:
(2.51)
• (V-A)(V-A) nonfactorizable annihilation diagrams with the quark entering the tensor meson:
52)
• (V-A)(V+A) nonfactorizable annihilation diagrams with the quark entering the tensor meson:
53)
• (S-P)(S+P) nonfactorizable annihilation diagrams with the quark entering the tensor meson:
(2.54)
Similar to the B → V V decays, the amplitude of B → V T can be decomposed as
where A N contains the contribution from the longitudinal polarizations, A s and A p represent the transversely polarized contributions. With the amplitude functions obtained in this section, the amplitude for the decay channels can be expressed. Considering the length of the paper, we will not list all the expressions of the amplitudes, but give one of the B decay amplitude as an example:
Numerical results and discussions
With the amplitudes calculated in Sec. 2.3, the decay width is given as
where i represents all the polarization states, and the branching ratio is obtained through BR = Γτ B . The key observables of the decays related in this paper are the CP averaged branching ratios, polarization fractions, as well as direct CP asymmetries (A dir CP ). Readers are referred to Ref. [38] for reviews on CP violation. First, we define four amplitudes as follows:
whereB meson has a b quark in it andf is the CP conjugate state of f . The direct CP asymmetry A dir CP is defined by
Our results for CP averaged branching ratios and CP asymmetries are listed in Tables 5, 6 and 7. In these tables, we also list the results of the longitudinal polarization fractions R L , which is defined by
where A 0 is the amplitude of the longitudinal polarization. The first error entries of our results are from the parameters in the wave functions, the decay constant f B and the shape parameter ω b . The second ones are from Λ QCD , which varies 20% for error estimates, and from the scale t, which are listed in appendix A.
Before we go to the numerical discussions of Tables 5, 6 and 7, we note a few comments on the present experimental status. Only four channels,
2 (φ, ω), are reported by BaBar 2 ) decays, only the polarization fractions can be accommodated well, and large deviations exist in the branching ratios. Comparing our predictions with the experimental data, here we would like to make a few comments:
2 )) is very similar to BR(B → φ(K * − ,K * 0 )), but a little smaller, which might be understood easily by the effect of a heavier tensor mass on the phase space. It also indicates that only small effects are brought in the branching ratios when K * is substituted for K * 2 .
2. However, the experimental data shows totally opposite behavior for the B → ω(K * − 2 ,K * 0
3. The pQCD predictions for the branching ratios of the B → V T decays are very similar to but a little smaller than the experimental data of B → V V . Taking the errors into consideration, the similar numerical relationship between BR(B → φ(K * − ,K * 0 )) and BR(B → ω(K * − ,K * 0 )) mentioned above can also be accommodated in B → V T decays. As is well known, the B → V T decay is very similar to the B → V V decay mode theoretically, therefore the branching ratios in these two decay modes are expected to have the similar behavior. Based on such prejudice, the present experimental data is a little difficult to be understood. 2 ) up to now, thus the experimental data need to be confirmed later. On the theoretical side, the tensor meson may bring forth new mechanism, which needs further investigations. In Ref. [10] the authors approached those channels in a different way. They used the experimental data of those channels to extract the penguin-annihilation parameters of the QCDF and predicted the other channels. By adopting the way, the experimental data could also be accommodated. However, we note more investigations are in need to understand the underlying dynamics totally.
We collect our results for B u,d → V T decays in the Table 5 2 to accommodate the experimental data. We presume those parameters are the main factors for the large differences between the central values of these channels. However, taking the errors into consideration, the two different theoretical approaches can still agree with each other. On the other hand, future experimental observation of these channels may offer an opportunity to test the dynamics of the pQCD and the QCDF.
For the channels dominated by the W -emission diagrams, especially with a vector meson emitted, such asB
− , the longitudinal contribution is dominating, and the polarization fraction R L is around 90%. The polarization fractions of those decays dominated by the penguin diagrams are very profound. The polarization fractions of some penguin-dominating decays of B → V V decay mode like B → φK * 0 are reported to be around 50% [13] , which are out of expectation of the SM. This is so-called the polarization puzzle in B physics. However, one can find that the polarization fraction of B → φK * 0 2 in the B → V T behaves as the SM expectation, while the B → ωK * 0 2 gives about 90%. In our calculation, we find that the polarization of B → V T for these channels are near to the B → V V ones. However, after we consider r 2 = (m T /m B ) 2 contributions carefully, the polarizations can be accomodated to the experimental data, although the branching fractions cannot be accomodated. 3) one can see that the generation of the direct CP violation requires that the amplitude A f consists of at least two parts with different weak phases. Usually they are the tree contribution and penguin contributions in the SM. Readers are referred to Ref. [13] for the related formulas and reviews. The interference of these parts will bring the direct CP violation. The magnitude of the direct CP violation is proportional to the ratio of the penguin and tree contributions. Therefore, the direct CP violation in the SM is very small, since the penguin contribution is almost always sub-dominating, which can be seen in previous section. However, there are a few very special channels in which the penguin contributions may be comparable to the tree one, as a result, sizeable direct CP violation appears. Take
as an example. In this channel, the CKM matrix elements for the tree (V ub V * ud ) and penguin contributions (V tb V * td ) are at the same order. Although the Wilson coefficients for the tree contributions are much larger, the tree operator only appears in the annihilation diagrams, not in the emission ones. Therefore the tree contributions are suppressed, and the penguin ones become comparable, which brings to a relatively large direct CP violation for this channel.
For most of the B → V T decays, the pQCD predicts the branching ratios at the order of 10 −6 , which would be easy for the experimental observation. We also calculate the branching ratios, polarization fractions and the direct CP violations ofB s → V T decays, which are collected in Table 7 . Most of thē B s decays are penguin-dominated, whose branching ratios are mainly at the order of 10 −7 , therefore, whose observation requires more accumulation of experimental data. However, it would be easy for the 
−−
forth-coming future flavor physics experiments. If a vector meson, generated by the tree operator whose decay constant is nonzero, is emitted in aB s decay, then such channels have a large possibility to gain a relatively large branching ratios with the order of 10 −6 .
Summary
One of the valuable topics in flavor physics is studying the hadrons in the B meson decays. In recent years, inspired by the interesting experimental data, more and more studies on the B to tensor meson decays are carried on. The pQCD approach, which has been being developed for years and predicts many B meson decays successfully, is a powerful tool in the study of two body non-leptonic B meson decays. In this paper, we investigated the B → V T decays under the frame of the pQCD. We calculated all the tree level diagrams in the approach and collected all the necessary expressions in our paper, with which we can study the 39 B → V T and 23 B s → V T decays. The branching ratios, polarization fractions, and direct CP violations are predicted. 2 corrections, although the polarization fractions can be accommodated, the branching ratios are not predicted well. This may need further experimental confirmation and theoretical investigation.
Most of the branching ratios for B − andB 0 decays are predicted to be at the order of 10 −6 . Most of our results agree with the the ones of the QCDF. Some channels do not agree so well by the central values, which may be caused by the different dynamics, since the QCDF introduce the penguin-annihilation parameters to accommodate the experimental data and their behavior seems different from the pQCD approach. However, taking the errors into consideration, they can still agree. For the decays which contributed by the W -emission diagram, especially when the vector meson is emitted, the polarization fraction is about 90%, which is just as the expectation of SM. The polarization fractions for the penguin dominated decays are complicated. Some are around 90% and some are 50%, just like the cases of the four channels observed by the experiments. Fortunately, the main order of the B − andB 0 decays is 10 −6 , which would be easy for the experimental observation.
In theB 0 s decays, the branching ratios are smaller. Such tree-dominated decays asB 0 s → ρ − K * + 2 , when a vector meson is emitted, have the mechanism to gain a relatively large branching ratio at the order of 10 −6 . Most of the others are at the order of 10 −7 , whose observation need more accumulation of experimental data. 
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A Functions for hard kernel, Sudakov factors and scales
The parameters in the hard part is given as follows. n f is the number of the quark flavors and γ E is the Euler constant. We will use the one-loop running coupling constant, i.e. we pick up the four terms in the first line of the expression for the function s(Q, b).
